Focal adhesions disassemble during mitosis, but surprisingly little is known about how these structures respond to other phases of the cell cycle. Three recent papers reveal unexpected results as they examine adhesions through the cell cycle. A biphasic response is detected where focal adhesions grow during S phase before disassembly begins early in G2. In M phase, activated integrins at the tips of retraction fibers anchor mitotic cells, but these adhesions lack the defining components of focal adhesions, such as talin, paxillin, and zyxin. Re-examining cell-matrix adhesion reveals reticular adhesions, a new class of adhesion. These αVβ5 integrin-mediated adhesions also lack conventional focal adhesion components and anchor mitotic cells to the extracellular matrix. As reviewed here, these studies present insight into how adhesion complexes vary through the cell cycle, and how unconventional adhesions maintain attachment during mitosis while providing spatial memory to guide daughter cell re-spreading after cell division.
Introduction
For most cells in culture, proliferation and division require adhesion to the underlying substratum. This surface is typically plastic or glass, but coated with a thin layer of extracellular matrix (ECM) components. This ECM coating can either be delivered intentionally, as when investigators deposit fibronectin or collagen onto the surface of the culture dish or coverslip, or it can occur unintentionally from the presence of serum in the cell culture medium. In this latter situation, either fibronectin or vitronectin in the serum adsorb onto the glass or plastic surface. Some cells can also deposit their own ECM or modify the adherent ECM in culture. Adhesion to these ECM proteins is mediated primarily by integrins, which are often clustered into large macromolecular structures known as focal adhesions. [1] That many cells require matrix adhesion in order to progress through the cell cycle reflects the need for signals generated by integrin engagement. These adhesion-based signaling pathways typically synergize with pathways stimulated by soluble growth factors. [2] As cells enter mitosis, they disassemble their focal adhesions and round up. Nevertheless, some adhesion to the ECM is maintained at the tips of retraction fibers, structures that extend out to the previous cell margins or to where focal adhesions had previously anchored the cell to the substratum prior to the onset of mitosis. [3] Despite retraction fibers containing thin bundles of actin filaments, relatively low traction force is generated on the substratum by rounded mitotic cells. [4] These basic observations concerning cell rounding during mitosis have been known for many years, and yet several fundamental questions have remained unresolved. For example, although focal adhesions are disassembled in mitosis, most mitotic cells are still anchored, albeit weakly, at the tips of retraction fibers. How is this attachment mediated? Also, what triggers the disassembly of focal adhesions and cell rounding as cells enter the mitotic phase of the cell cycle? Given that cyclin-dependent kinase 1 (CDK1) initiates many mitotic events such as nuclear membrane breakdown and chromosome condensation, it has been widely suspected that CDK1 is also responsible for focal adhesion disassembly and cell rounding; but surprisingly, the behavior of focal adhesions through the cell cycle has not been well studied. This knowledge gap of how cell-ECM adhesion is regulated through the cell cycle has now been addressed in three recent papers, leading to unexpected results [5, 6] and the discovery of a whole new class of adhesions, reticular adhesions. [7] 2. How Do Mitotic Cells Adhere to the Substratum?
Two of the new papers report discoveries on how cells maintain adhesion to the matrix during mitosis. In the first paper, Dix and co-workers [5] confirmed that as cells round up and enter mitosis, many of their focal adhesion components, including talin, paxillin, and zyxin, are lost from focal adhesions. Unexpectedly, they discovered that integrins in their active conformation were retained at sites where focal adhesions used to be and where the retraction fibers ended. [5] The presence of activated integrins at the tips of retraction fibers provides a potential mechanism to anchor retraction fibers to the underlying matrix and also spatial cues for the daughter cells to re-spread as they emerge from mitosis. In a groundbreaking study, Lock and co-workers [7] identified a whole new type of cell-ECM adhesion, which they named "reticular adhesions," presumably because these adhesions often appear as a net-like distribution beneath the cell in interphase. These reticular adhesions are mediated by the integrin αVβ5 and, in striking contrast with focal adhesions, appear to have little interaction with actin or stress fibers. Not depending on key focal adhesion components such as talin, reticular adhesions are associated with a unique set of proteins and also reveal distinct dynamics as well as morphology. [7] Despite the diverse types of integrins expressed by different cells, the authors show that αVβ5 is the major integrin component of reticular adhesions in many cell types. After decades of research on focal adhesions, it is both exciting and somewhat surprising that a completely new type of cell-ECM adhesion has been identified. Along with the findings from Dix and co-workers, these αVβ5-positive, talin-negative adhesions discovered by Lock and colleagues are also maintained during mitosis and are found at the ends of retraction fibers. Blocking the assembly of reticular adhesions by depleting β5 expression disrupts mitosis in most cells. Additionally, both papers report that the pattern of these integrin-containing adhesions serves as a spatial memory of cell orientation prior to mitotic rounding in the sense that these unconventional adhesions guide the re-spreading of daughter cells following completion of mitosis. Loss of β5 integrin and consequently of reticular adhesions randomizes mitotic axis orientation. [7] Reconciling the differences between these two papers will be interesting and important. Both raise many intriguing questions. For example, in the Dix et al. study, the authors find active β1 integrins remaining in the residual adhesions that anchor the rounded mitotic cells. Do these active β1 integrins co-distribute with the αVβ5 integrin reticular adhesions described by Lock et al.? Additionally, it has previously been shown that a key regulator of integrin activity, the GTPase Rap1, has decreased activity during mitosis and that inactivation of Rap1 promotes focal adhesion disassembly. [8] How then are these residual β1 integrins maintained in the active conformation when Rap1 is downregulated? Furthermore, since major focal adhesion proteins such as talin, paxillin, and zyxin are released from focal adhesions during mitosis, how are the clustered active integrins connected to the actin filament bundles at the tips of the retraction fibers? One possibility is that this integrin-actin connection is maintained via another actin-binding protein, such as filamin, which was previously shown to compete with talin for binding to integrin cytoplasmic domains. [9] The discovery of reticular adhesions also prompts further investigation into how their assembly and disassembly are regulated and whether the αVβ5 integrins have connections with any cytoskeletal components. While unveiling novel adhesion structures during mitosis, these two papers raise many interesting questions.
Focal Adhesions Evolve Through the Cell Cycle
A large body of research has analyzed the signaling pathways that are initiated by integrin engagement with the ECM and that contribute to passage of cells through the cell cycle. [10] However, other than the broad observation that focal adhesions disassemble during mitosis, little attention has been paid to how cell matrix adhesion is regulated during the different cell cycle stages. Now, Jones and co-workers [6] have examined how cell cycle progression affects focal adhesions. Their results are unanticipated. In synchronized HeLa and U2OS cells, the total focal adhesion area, as identified by paxillin staining, increased from G1 to S phase, mirroring cell growth during this period. Focal adhesion area peaked before cells entered G2 phase, during which the total paxillin-positive adhesion area rapidly shrank, preparing the cell for the transient rounding upon entry into mitosis. In addition to noting the dynamic changes in focal adhesion area, the authors observed that the distribution of focal adhesions also changed during passage through the cell cycle. Paxillin-positive focal adhesions were observed to be predominantly peripheral in the G1 and G2 phases, whereas during S phase, adhesions were detected both centrally located and at the periphery, corresponding to the S phase peak of total focal adhesion area. Using live-cell microscopy, Jones and co-workers [6] further confirmed that focal adhesions degraded gradually from their maximum in S phase as cells progressed through G2. By the end of G2, the central focal adhesions had largely disassembled leaving only adhesions at the periphery. This is in striking contrast to the previous view that focal adhesion disassembly is triggered by the onset of mitosis. Not surprisingly, decreased focal adhesions in G2 also correlated with decreased stress fibers. Notably, a recent study by Manuel Thery's group demonstrated that traction forces also peaked in S phase and then dropped in G2, [11] correlating with the stress fiber phenotype at each stage as described by Jones and co-workers.
Cell Cycle Signaling Regulates Focal Adhesion Dynamics
Pursuing the signaling pathways that promote the growth and increased number of focal adhesions during S phase of the cell cycle, Jones and co-workers [6] examined the role of cyclindependent kinases (CDKs). Not only are CDKs well-established regulators of multiple steps in the cell cycle but earlier work from this group identified a potential role for CDK1 in focal adhesion assembly. [12] This earlier study combined proteomic and phosphoproteomic analysis of isolated adhesion complexes to identify potential kinases involved in the regulation of cell matrix adhesion dynamics. This kinase prediction analysis revealed a potential role for CDK1. To confirm the prediction, these authors inhibited CDK1 activity in asynchronous cells and observed decreased number and area of adhesion complexes in these www.advancedsciencenews.com www.bioessays-journal.com cells. [12] Following up on this work, Humphries' group further confirmed that CDK1, and not CDK2 or CDK 4/6, drives the assembly of adhesions and the increase of focal adhesion size and number observed in S phase. This observation is the opposite of what might have been predicted based on the important role of CDK1 in driving mitotic entry, when cells round up and focal adhesions disassemble. [6] To exert their function, CDKs pair with cyclin regulatory subunits. [13] CDK1 partners with the A-type and B-type cyclins. [14] In mammalian cells, cyclin A2 expression rises during S phase and it is degraded during the prometaphase stage of mitosis. By comparison, cyclin B1 synthesis begins slightly later in S phase, and it is subsequently degraded in late metaphase. [14, 15] Jones and colleagues report that CDK1 can trigger opposite downstream effects when bound to cyclin A2 or B1. The CDK1-cyclin A2 complex drives assembly and growth of focal adhesions whereas the CDK1-cyclin B1 complex promotes focal adhesion disassembly. Superimposed on these activities, a key molecular event in G2 is the increased tyrosinephosphorylation of CDK1 by Wee1, which inhibits CDK1 activity. As an important cell cycle regulator, Wee1 functions at the G2/M checkpoint by preventing premature entry into mitosis. As demonstrated by Jones and co-workers, in S phase, Wee1 is predominantly localized in the cytoplasm while most CDK1-cyclin A2 complexes stay in the nucleus. This preferential cellular distribution changes in G2 where Wee1, CDK1, cyclin A2, and cyclin B1 are more equally distributed between cytoplasm and the nucleus, allowing Wee1 to access both CDK1-cyclin A2 and CDK1-cyclin B1 complexes. Impeding Wee1 activity during S phase did not affect focal adhesion assembly, which could be due to the different cellular localization of Wee1 and CDK1-cyclin A2. However, inhibiting Wee1 during G2 and thus hyperactivating CDK1-cyclin complexes led to failure in focal adhesion disassembly. These results suggest that Wee1-mediated inhibition of the CDK1-cyclin A2 complex prevents continued growth of focal adhesions. How focal adhesion disassembly is initiated by the CDK1-cyclin B1 complex in the presence of Wee1 is not clear and may suggest additional pathways are involved in this complicated process. Regardless of the mechanism, focal adhesion disassembly in G2 primes the cell for mitotic rounding. [6] This transient rounding involves not only the disassembly of most of the residual focal adhesions, possibly by inactivation of Rap1, [8] but also increased RhoA-mediated contractility, [16] driven by activation of the GEF Ect2 [17] and possibly other GEFs such as LARG. [18] A schematic of these cell cycle-driven changes to adhesions is illustrated in Figure 1 .
Jones and co-workers [6] also investigated how the active CDK1-cyclin A2 complex promotes focal adhesion assembly in S phase. Applying a proteomic approach, they identified multiple CDK1 substrates, including several actin-associating proteins. One in particular, the formin like 2 protein (FMNL2), caught their attention. FMNL2 was previously implicated in stimulating actin filament assembly downstream from active RhoC. [19, 20] Having identified the CDK1 phosphorylation site on FMNL2 (Ser1016), they generated a phosphomimetic mutant. Expressing this phosphomimetic FMNL2 construct partially rescued the phenotype generated following CDK1 depletion, i.e. the phosphomimetic FMNL2 increased adhesion area in the CDK1-depleted cells, whereas wildtype FMNL2 did not. Interestingly, similar levels of CDK1-dependent phosphorylation of FMNL2 were observed in both S phase and G1, suggesting that phosphorylated FMLN2 may not be a primary factor in the S phase-induced growth of focal adhesions. However, decreased phosphorylation of FMNL2 was detected in G2 raising the possibility that instead, dephosphorylation of FMNL2 contributes to the G2-induced decrease in focal adhesion area and number. This conjecture was supported by knockdown of FMNL2 expression or over-expression of a non-phosphorylatable mutant in synchronized cells; both treatments decreased stress fibers and central focal adhesions in S phase. [6] In future work it will be important to determine how CDK1-mediated phosphorylation of FMNL2 affects its activity and to learn what role FMNL2 plays in cell cycleregulated focal adhesion assembly and/or disassembly. The work from the Humphries group also indicates that there must be FMNL2-independent pathways downstream of CDK1 involved in promoting adhesions in S phase. Identifying these additional effectors and how they regulate focal adhesions will add to our knowledge of these intriguing but complex structures.
Identifying the Pathways to Focal Adhesion Disassembly
Casual observers often look at focal adhesions and see what appears to be an array of uniform structures, but this impression is deceptive. It is a conclusion too easily derived from images of fixed cells, because the dynamics and diversity of adhesion complexes are concealed by static images. Not only are the components in focal adhesions exchanging, but individual focal adhesions exhibit different rates of assembly and disassembly. [21] [22] [23] For example, in a migrating cell, focal adhesions assemble close to the leading edge. Some of these rapidly disassemble whereas other adjacent adhesions may grow, transitioning from nascent adhesions to focal complexes and finally becoming the large, comparatively stable, mature focal adhesions. As cells migrate, they move over their adhesions and while most turn over and disassemble, some survive to end up at the rear of migrating cells. Adhesions in the rear also differ in their stability when compared with those at the front of cells. Because the disassembly of focal adhesions is so important, several studies have examined this process. Multiple modes of disassembly have been identified and currently it is not clear whether these differences reflect processes that occur in parallel or whether they result from differences in cell type or physiological context. Calpain-mediated proteolysis of key structural components, such as talin, is one mechanism of focal adhesion disassembly. [24, 25] Additionally, microtubules target focal adhesions at the cell front, [26, 27] leading to endocytosis of integrins and progressive disassembly. [28] FAK, ERK, paxillin, the myosin light chain kinase, and p130Cas, have all been shown to be critical for focal adhesion disassembly because the absence of these proteins leads to more stable structures. [29] More recent work, focused specifically on p130Cas, demonstrated that adhesion-mediated tyrosine phosphorylation of this protein recruits an E3 ubiquitin ligase leading www.advancedsciencenews.com www.bioessays-journal.com to p130cas degradation. [30] Since the absence of p130Cas promotes focal adhesion stability, its selective degradation in some adhesions but not others provides a potential mechanism for the differential behavior of neighboring adhesions at the front of migrating cells. In this scenario, disassembly is favored for those adhesions containing p130Cas, whereas p130Cas destruction promotes adhesion survival and growth. [30] The mechanism by which adhesions are disassembled downstream from p130Cas has not been established.
Selective disassembly of adhesions occurs not only as cells migrate but, as shown in the recent study by Jones and coworkers, as cells progress through the cell cycle. [6] In particular, the central focal adhesions disassemble whereas the peripheral adhesions are left intact during G2. It will be interesting to determine the extent to which these peripheral adhesions coincide with the residual mitotic adhesions detected by Dix and colleagues that contain activated integrins but which lack many other focal adhesion components. [5] It will also be important to unravel the mechanism by which these components are removed while leaving the integrins behind. Is it by any of the mechanisms discussed above such as calpain-mediated proteolysis, or selective degradation by ubiquitination and proteasome-mediated degradation, etc.?
Conclusions and Outlook
For all the research that has been performed on focal adhesions, it is perhaps surprising that the behavior of these structures Figure 1 . The top panel shows a schematic drawing of one mammalian cell progressing through the cell cycle. The cell body is colored in light yellow, nucleus and chromatin are colored in blue, and key molecules during this process are labeled in the legend. The total focal adhesion (FA) area increases from G1 to S phase due to the accumulation of active CDK1-cyclin A2 complexes, and decreases in G2 due to the inhibition of CDK1-cyclin A2 and the accumulation of cyclin B1. In M phase, the αVβ5 integrin-mediated reticular adhesions anchor the cell to the extracellular matrix but lack conventional FA components, such as paxillin, talin, and zyxin. The bottom panel shows the approximate levels of cyclin A2, cyclin B1, RhoA activity, and traction force throughout the cell cycle. The total FA area follows a similar trend as that of the traction force.
www.advancedsciencenews.com www.bioessays-journal.com through the different stages of the cell cycle has not previously been analyzed more thoroughly. Two of the papers discussed here, from the Baum and Humphries groups start to fill this gap in our knowledge. [5, 6] The third paper, a collaboration between the Strömblad and Humphries groups, discovers a whole new type of cell-matrix adhesion which they named "reticular adhesions," and provides evidence that these structures play a critical role in anchoring cells during mitosis. [7] The Humphries group present a detailed view of how focal adhesions increase in size and number from G1 to S phase, and then disassemble from S to G2 phase in preparation for mitotic rounding. [6] This strict spatial-temporal regulation of adhesion assembly and disassembly is carried out by the key cell cycle regulator CDK1 in combination with its two cyclin partners, cyclin A2 and cyclin B1. While active CDK1-cyclin A2 complexes are required for adhesion assembly, the presence of cyclin B1 and inactivation of CDK1 by Wee1 phosphorylation are needed to trigger focal adhesion degradation in G2. This disassembly is continued upon entry of mitosis, removing most matrix adhesions, and leaving only clustered integrins tethering retraction fibers to the substratum. One of the integrins anchoring mitotic retraction fibers to the matrix is αVβ5, the core component of reticular adhesions. [7] This new class of cell-matrix adhesion differs strikingly from focal adhesions, as these integrin-mediated adhesion complexes are not associated with stress fibers and possess a distinct set of component proteins. The persistence of reticular adhesions through mitosis provides spatial guidance for daughter cells to re-spread after cell division. Like many good papers, these three studies raise as many questions as they answer. Much remains to be learned about reticular adhesions. For instance, how is their assembly and disassembly regulated, particularly as cells migrate? With respect to focal adhesions, what is the mechanism of their disassembly in G2? In the absence of key focal adhesion proteins, how do some integrins remain active during mitosis? We know these questions will continue to be investigated and look forward to the answers that emerge.
